Background
To strengthen evidence on which radiologist mammography interpretive volume requirements can be based, we assessed the relation of volume to accuracy in the Quebec Breast Cancer Screening Program.
Methods
Annual interpretive volume (total, screening, and diagnostic) for all 340 radiologists who interpreted 1 315 327 screening examinations in the period from 2000 to 2006 was obtained using provincial databases. The association of volume to sensitivity, false-positive rate, and accuracy (sensitivity/false-positive rate) was assessed by multivariable Poisson regression with robust error variance. All statistical tests were two-sided.
Results
Radiologists consistently interpreting less than 500 mammograms annually experienced a 58% reduction in accuracy (adjusted accuracy ratio = 0.42; 95% confidence interval [CI] = 0.24 to 0.74) compared with those who consistently interpreted at least 500 mammograms annually. Moreover, accuracy increased progressively as total annual volume increased (P trend = .0005). Radiologists interpreting at least 4000 mammograms annually experienced a 32% increase in accuracy (adjusted accuracy ratio = 1.32; 95% CI = 1.13 to 1.54) compared with those interpreting 500 to 999 mammograms annually. This increase in accuracy is attributable to a reduction in false-positive rate as total volume increased (P trend = .001). Sensitivity changed little with total volume (P trend = .68). Gains in accuracy were greater up to approximately 3000 mammograms interpreted annually.
Conclusions
The minimum annual volume of 500 mammograms required in North America is justified; radiologist accuracy may be compromised if interpretive volume is consistently less than this requirement. Raising interpretive volume may help to reduce the frequency of false positives without loss of sensitivity. Possible gains in accuracy may be greater with increases in volume of up to approximately 3000 mammograms interpreted annually. The value of breast cancer screening programs is linked to the accuracy of mammography interpretation. Accuracy implies detection of breast cancer when it is present (high sensitivity), while also maintaining relatively low false-positive findings (high specificity). Accuracy of screening mammography is widely believed to be determined, at least in part, by radiologist interpretive volume (1, 2) . Despite some inconsistencies in the literature, the majority of studies agree that there is little or no relation between radiologist interpretive volume and sensitivity (3) (4) (5) (6) . However, the association of interpretive volume to false-positive rate is less evident. Some studies found no association of radiologist volume to false-positive rate (or specificity) (4) (5) (6) (7) (8) ; some report that radiologists with a higher interpretive volume have either lower (9, 10) or higher false-positive rates (11) ; and, finally, some studies found a U-shaped or an inverse U-shaped relation of volume to falsepositive rate (3, 12, 13) .
Because accuracy is believed to be associated with interpretive volume, many countries have adopted minimum reading volume requirements (14) (15) (16) (17) . Partly because of the uncertainty about the link between volume and accuracy, these minimum requirements vary greatly by country. In North America, this requirement is low. The US 1992 Mammography Quality Standards Act requires interpretation of at least 960 mammograms every 2 years (14) , and the Canadian Association of Radiologists has a similar requirement (at least 480 mammograms per year) (15) . In contrast, European guidelines demand a much higher minimum interpretive volume in their screening programs (5000 mammograms per year) (1) .
To strengthen the evidence on which interpretive volume requirements can be based, we focused on evaluating the association of the current minimum North American requirement of 500 mammograms annually to radiologist screening accuracy. We also assessed whether interpretive volume, mainly through the range of 500 to 6000 mammograms annually, affects radiologist screening accuracy. We carried out this study in the context of a Canadian organized breast cancer screening program offered in a public comprehensive health insurance system, taking advantage of its extensive population-based datasets.
Methods

Study Population
The study is based on screening mammograms performed within the Quebec Breast Cancer Screening Program (Programme Québécois de Dépistage du Cancer du Sein, PQDCS) in the period from 2000 to 2006 (Figure 1 ). PQDCS is a population-based organized mammography screening program launched in 1998, which actively invites women aged 50 to 69 years to receive biannual screening mammography in accredited facilities.
Characteristics of Women, Radiologists, and Facilities
Information on women's characteristics was obtained from selfadministered questionnaires administered at each screening examination. Breast density was assessed by the radiologist who read the screening mammogram. Characteristics of radiologists who interpreted the screening mammograms were obtained from the Quebec College of Physicians. Type of screening facility (public, private) was retrieved from PQDCS data.
Radiologist and Facility Volume
Volume data pertaining to all radiologists and facilities participating in the PQDCS were assessed using the Quebec physicians' claims database for 1999 (1 year before the first screening mammogram included in this analysis) to 2006. For each radiologist and facility, total, diagnostic, and screening annual volumes were calculated for each month from January 1999 through December 2006. Then, for a mammogram done in a given month between January 2000 and December 2006, accuracy was examined in relation to the radiologist's reading volume in the previous 12 months. For instance, for a given radiologist, total annual volume attributed to January 2000 equals the total number of mammograms this radiologist interpreted from January through December 1999. All mammograms were counted irrespective of women's age or whether the mammogram was done in program-accredited facilities or elsewhere in Quebec. Thus, for each radiologist and each facility, annual total, screening, and diagnostic reading volumes could vary from month to month according to practice variability. Radiologists who interpreted less than 500 mammograms annually for all months of activity in the PQDCS are classified as consistently low volume readers. Some radiologists have, for a given month of PQDCS activity, less than 500 mammograms interpreted annually, and for other months, more than 500; these radiologists are classified as variable. Finally, radiologists who always have 500 mammograms or more interpreted annually during month after month of activity in the PQDCS, are classified as always greater than or equal to 500.
Sensitivity, False-Positive Rate, and Accuracy All breast cancer (ductal carcinoma in situ or invasive) diagnoses made in the 2 years after screening mammograms were identified by linking PQDCS data with other provincial databases (18) . A screening mammogram was classified as abnormal if the patient was referred for assessment; otherwise the mammogram was considered normal. The definitions of sensitivity, false-positive rate, and accuracy are presented in Figure 2 .
Statistical Analysis
To assess the relation of radiologist annual volume to sensitivity or false-positive rate, we fit Poisson regression models with robust error variance estimated by generalized estimating equations (19) (20) (21) (22) (23) to obtain adjusted ratios (24) . Robust sandwich estimates of variance were used to ensure appropriate variance estimation accounting for the correlation between mammograms interpreted by the same radiologist (24) . Accuracy was assessed by jointly modeling sensitivity and false-positive rate (5, 6) . Total, screening, and diagnostic annual interpretive volumes were treated as continuous and categorical variables. Trends in outcomes according to categorical interpretive volume were tested using the mean values within categories of interpretive volume entered in the model as a continuous variable. We used restricted cubic splines to model volume as a continuous variable (25) ; P values tested departure of the smoothed plot from a straight horizontal line. To allow flexibility in the curves while maintaining model parsimony, we distributed a priori five knots throughout the volume distribution (at the minimum value, the 33rd, 50th, 67th percentiles, and the maximum value) (25, 26) .
To examine how accuracy varies with changes in interpretive volume, derivatives of the accuracy spline curve were estimated. These derivatives were expressed as a change in accuracy per volume increase of 100 mammograms per year.
The absolute difference comparing the observed number of false positives to that expected if all mammograms had been interpreted by radiologists who had the false-positive rate of those reading at least 3000 mammograms annually was estimated by conditioning on the observed distribution of mammograms according to volume, the adjusted false-positive rate ratios, and the overall false-positive rate of 9.352%.
All models were adjusted for potential confounders, including characteristics of women, radiologists, and facilities (see Supplementary Methods, available online). Complementary analyses were repeated considering only invasive cancers rather than invasive cancers and ductal carcinoma in situ, and considering cancers diagnosed in the 2-year rather than the 1-year period after the index screening mammogram. Statistical significance was tested at 5% for all tests (two-sided).
results
Distributions of the 1 315 327 study mammograms (n = 644 498 women) according to characteristics of the women by screening result and breast cancer status are presented in Table 1 . Mean age of the women was 57.9 years (standard deviation = 5.5), and 37.3% of the mammograms were initial mammograms performed within the program. Before their initial mammogram in the program, 30.1% of women had a previous mammogram outside the screening program. Finally, 69.7% of screening examinations were performed in private clinics. Annual total volumes of radiologists varied considerably (Figure 3 ). If total volume for a given radiologist was measured only once a year on January 1 based on the radiologist's volume in the previous year, the proportion of radiologists who remained in this volume category throughout all months of PQDCS activity in the next year varied from 34.9% to 45.8% over the 7 years of observation (average = 41.8%) (data not shown).
For women with breast cancer, 6860 (86.7%) had their cancer screen detected, whereas 1055 (13.3%) were diagnosed with interval cancers during the 1-year interval after screening. Thus, overall crude 1-year sensitivity was 86.7%. Among women without breast cancer, 122 267 (9.4%) screening examinations were false positive, whereas 1 185 145 (90.6%) were true negative. The overall crude false-positive rate was 9.3%. Consequently, the crude positive likelihood ratio was 9.3, meaning that sensitivity was 9.3 times greater than the false-positive rate.
Consistently Low Total Volume and Screening Accuracy
Compared with the 159 (46.8%) radiologists who, during the study period, always maintained a total interpretive volume of at least 500 mammograms per year, the 29 (8.5%) radiologists who consistently had a volume less than 500 mammograms per year experienced a 20% reduction in sensitivity (adjusted sensitivity ratio = 0.80; 95% confidence interval [CI] = 0.66 to 0.98), and a 91% increase in the false-positive rate (adjusted false-positive ratio = 1.91; 95% CI = 1.20 to 3.04), resulting in a 58% reduction in screening accuracy (adjusted accuracy ratio = 0.42; 95% CI = 0.24 to 0.74) ( Table 2 ). Those radiologists who interpreted consistently less than 500 mammograms annually appeared to be a group of radiologists who interpreted mammograms (screening or diagnostic) only sporadically. These 29 radiologists interpreted at least one mammogram per month for an average of only 16 of the 84 months studied (median = 8 months; 10th-90th percentile = 2-51 months). Moreover, these months of mammogram interpretation were generally not contiguous but distributed over an average period of 27 months (median = 19 months; 10th-90th percentile = 2-95 months).
Volume and Sensitivity
Beyond an annual volume of 500 mammograms, sensitivity varied little with increasing volumes (Table 2) . Adjusted sensitivity ratios remained near unity, fluctuating between 0.98 and 1.01 for all categories of total, screening, or diagnostic volume. P trend was .68, .87 and .80 for total, screening, and diagnostic interpretive volume, respectively. Spline analyses showed little change in sensitivity with increases in total volume (Figure 4) . Variations in sensitivity with total volume were not statistically significantly different from a straight horizontal line (P = .44). Comparable findings were seen for screening and diagnostic volume (P = .51, P = .36, respectively) ( Supplementary  Figures 1 and 2 , available online).
Volume and False-Positive Rate
Irrespective of volume type, false-positive rate progressively decreased with increasing volumes (Table 2 ). For instance, compared with an annual total volume of 500 to 999 mammograms, radiologists interpreting an annual total volume of 4000 or more mammograms experienced a 24% reduction in false-positive rate (adjusted false-positive rate ratio = 0.76; 95% CI = 0.65 to 0.89). P trend was .001, .006, and <.0001 for, total, screening, and diagnostic interpretive volume, respectively.
Smoothed plots showed a greater reduction in false-positive rates at the lower volume (for all volume types), with the curve stabilizing at higher volume; smoothed plot for total volume is presented in Figure 4 . P value testing whether the smooth line was different from a straight horizontal line was statistically significant (P < .0001). Screening and diagnostic volume showed comparable results (P < .0001, P = .01, respectively) ( Supplementary Figures 1  and 2 , available online).
Volume and Accuracy
Overall, because the analysis demonstrated a decreasing trend in false-positive rate but a stable sensitivity with increasing volume, it follows that accuracy improves with increasing volume (Table 2; Figure 4 ). Irrespective of volume type, accuracy progressively increased with increasing volume (Table 2) ; P trend was .0005, .003, and <.0001 for total, screening, and diagnostic volume, respectively. Compared with an annual total volume of 500 to 999 mammograms, radiologists interpreting at least 4000 mammograms annually experienced a 32% increase in interpretive accuracy (adjusted accuracy ratio = 1.32; 95% CI = 1.13 to 1.54).
Smoothed plots showed an increasing trend in accuracy with increasing volume for all volume types; smoothed plots for total volume are presented in Figure 4 . The smooth line was statistically different from a straight line (P < .0001). Findings were comparable for screening and diagnostic volume (P < .0001, P = .004, respectively) ( Supplementary Figures 1 and 2, available online) .
The change in accuracy associated with a further increase of 100 mammograms in annual volume is shown in Figure 5 . Increases in total volume are associated with a greater increase in accuracy Findings were similar when 2-year sensitivity, false-positive rates, and accuracy were examined (Supplementary Table 1 , available online) and when only invasive cancers were included in the sensitivity calculations (Supplementary Table 2 , available online).
Discussion
In this Canadian organized mammography screening program, an increase in annual interpretive volume was associated with little or no change in sensitivity but with reductions in false-positive rates.
Thus, screening accuracy (sensitivity/false-positive rate) increased with increasing volume. This increase in accuracy was greater up to an annual volume of approximately 3000 mammograms. Radiologists who consistently maintained an interpretive volume of less than 500 mammograms annually had lower sensitivity, higher false-positive rates, and lower accuracy than those consistently maintaining an annual volume of 500 or more mammograms.
We found that increases in total, screening, and diagnostic volumes are associated with little or no improvement in screening sensitivity. These results seem robust because similar findings were obtained using 1-year sensitivity or 2-year sensitivity. Moreover, findings were similar whether invasive and in situ breast cancers or only invasive breast cancers were included. Four previous studies have also shown little or no association of volume to sensitivity (3-6). However, two studies (11, 12) have found that increasing interpretive volume is associated with increasing sensitivity. Some studies have examined the association between radiologist interpretive volume and cancer detection rate, which is related to sensitivity (3, 7, 9, 10, 13, 27) . These studies are less reliable than those focussing on sensitivity because variation in detection rates can be Smoothed plots of adjusted sensitivity, false-positive rate, and accuracy according to annual total interpreting volume. Performance indicators were estimated using restricted cubic splines with five knots placed at the minimum value, the 33rd, 50th, 67th percentiles, and the maximum value of the volume distribution after adjustment for characteristics of women (age, body mass index, breast density, family history of breast cancer, postmenopausal status, parity, hormone replacement therapy, clinical breast examination in the past year, previous breast aspiration or biopsy, screening history, and year of the Quebec Breast
Cancer Screening Program mammogram), radiologists (sex, year of graduation, and medical school attended), and facilities (facility type and volume). Ninety-five percent confidence intervals for splines are shown as shaded areas, and P values represent the statistical significance between the curve and a straight horizontal line. Superimposed on the curve are the adjusted sensitivity, false-positive rate, and accuracy calculated at the mean volume within each volume category, represented by dark circles with respective 95% confidence intervals. All statistical tests were two-sided. explained not only by changes in sensitivity but also by variation in breast cancer prevalence at screening (28, 29) . Nevertheless, most of these studies (3, 7, 10, 13) observed little or no relation of volume to detection rate. Although we found that increases in the interpretive volume are associated with reductions in the false-positive rates, previous studies have shown widely varying results (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . Such inconsistencies in findings may be explained, at least in part, by variation in methodology. Some studies used self-reported volume, which is vulnerable to recall bias (5, 11, 12) . In addition, radiologist volume was in general considered fixed (4,6,7,9,10,13) even though it can change over time. Only one other study accounted for the volume's time-dependent character (3). In addition, most studies are based on a selected sample of radiologists (3, 5, 8, 11, 12) or excluded some radiologists on the basis of their experience or their volume (6, 7, 13) . Finally, some studies did not adjust for potential confounders (4, 9) or adjusted for only a few characteristics of women such as age of women and prior mammogram (7, 13) , age of women and time since prior mammogram (3), or age of women, prior mammogram, and breast density (11) . Diagnostic volume is also associated with reduction in screening false-positive rates. Understanding whether mammography screening accuracy can be affected by the degree of involvement of a radiologist in diagnostic investigation of abnormal screening mammograms, including breast imaging and biopsies, is an important question in need of further study.
Although our data suggest that accuracy increases throughout the range of annual volumes observed in this study (up to approximately 6000 mammograms annually), the change in accuracy associated with increasing volume seems to be greater up to 3000 mammograms per year. Gains in accuracy beyond 3000 mammograms annually are minimal. Kan et al. (13) suggested a minimum annual reading volume of 2500 screening mammograms per radiologist, although they do not show the data on which this conclusion is reached. Smith-Bindman et al. (6) also suggested that to maximize sensitivity while achieving a reasonable false-positive rate one action could be to raise the minimum volume to 2500 mammograms per year. However, their data do not clearly support this proposed minimum because accuracy was not statistically significantly higher with increasing volume. In particular, radiologists with volume greater than 4000 mammograms per year had a lower accuracy than radiologists with volume of 481 to 750 mammograms per year.
The US and Canada have similar interpretive volume requirements of at least 480 mammograms per year (14, 15) . Our results provide evidence in support of this annual requirement. A small proportion of radiologists (8.5%) consistently did not meet this requirement at the time of this study. In addition, approximately 45% of radiologists did not reach 500 mammograms annually at some time during the study period. Recently, reimbursement rules have been changed in Quebec, and radiologists now need to achieve at least 500 mammograms annually to be paid for their readings. Thus, all radiologists actively participating in the Quebec organized screening program now interpret at or above the stipulated minimum requirement. To our knowledge, this is the first study that assessed the effect of consistently reading less than the minimum annual interpretive volume of 500 mammograms required in North America.
Our study has several strengths. All facilities and all radiologists who read screening mammograms in the program were included, avoiding potential selection bias due to differential participation. Total, screening, and diagnostic interpretive volumes were ascertained from comprehensive administrative claims databases, avoiding uncertainties regarding volume measurements. Given such information, variation of radiologists' interpretive volume over time could be taken into account. Multivariable adjustment for a broad range of prospectively collected data on women, radiologists, and centers was performed, reducing concerns about residual confounding.
This study also had some limitations. We could not adjust for fellowship training of radiologist, which seems to be a possible confounding factor (5). However, in Quebec, only a small proportion of radiologists complete fellowship training in mammography, thus reducing the extent of possible confounding. Some misclassification of mammograms as screening or diagnostic in the physicians' claims database may have occurred. However, the Quebec Health Insurance Plan pays radiologists for all mammograms of Quebec residents wherever the mammograms are done, including hospitals or private clinics. Moreover, the reimbursement codes for screening and diagnostic mammograms are different, and the radiologist himself or herself decides whether the mammogram is done for screening or diagnostic purposes based on the reasons mentioned in the mammography prescription. Thus, the total volume estimates are likely to be quite complete, and the classification of these mammograms as screening and diagnostic should be reliable.
In conclusion, this study suggests that the minimal volume requirement of 500 mammograms annually adopted in North America is justified. Radiologist accuracy may be compromised when interpretive volume consistently falls short of this minimum requirement. Raising the interpretive volume of radiologists may help to minimize false-positive screens without sacrificing sensitivity. Our results demonstrate that potential gains in accuracy with increases in volume may be greater up to an annual interpretive volume of approximately 3000 mammograms. 
